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Jet quenhing parameter qˆ in the stohasti QCD vauum with
Landau damping
Dmitri Antonov, Hans-Jürgen Pirner
Institut für Theoretishe Physik, Universität Heidelberg,
Philosophenweg 19, D-69120 Heidelberg, Germany
We argue that the radiative energy loss of a parton traversing the quark-gluon
plasma is determined by Landau damping of soft modes in the plasma. Using this
idea, we alulate the jet quenhing parameter of a gluon. The alulation is done
in SU(3) quenhed QCD within the stohasti vauum model. At the LHC-relevant
temperatures, the result depends on the gluon ondensate, the vauum orrelation
length, and the gluon Debye mass. Numerially, when the temperature varies from
T = Tc to T = 900MeV, the jet quenhing parameter rises from qˆ = 0 to approx-
imately 1.8GeV2/fm. We ompare our results with the preditions of perturbative
QCD and other alulations.
I. INTRODUCTION
At RHIC and LHC energies, radiative energy loss is an important mehanism for jet
energy loss in the quark-gluon plasma [1℄. It is related to the mean transverse momentum
〈p2⊥〉 whih the parton aquires traversing the plasma. The momentum broadening of the
parton is proportional to the distane it travels, therefore the integrated total energy loss
from radiation due to the aeleration is proportional to the distane travelled squared L2‖ [1℄.
The energy loss is parametrized by the jet quenhing parameter qˆ
∆E =
αs
8
CRqˆL
2
‖,
where CR is the quadrati Casimir operator of the representation R of the parton, and αs is
the strong oupling onstant at an appropriate sale. The jet quenhing parameter an be
estimated in a dilute plasma perturbatively:
qˆ =
〈
σp2⊥
〉
ρ ∝ T 3
∫
dσ
dp2⊥
p2⊥d
2p⊥ ∼ α2sN2c T 3 ln
1
g
.
2The perturbative temperature dependene of qˆ is determined by the density of sattering
partners ρ ∝ T 3 and the dierential transport Coulomb ross setion, whih is ut o in the
infra-red at the Debye mass.
A standard nonperturbative alulation of the jet quenhing parameter an be done with
the help of the dipole formalism [2℄. In this formalism, a fake dipole of size L⊥ is onstruted
from the partons in the T -amplitude and in the T ∗-amplitude, the trajetories of whih are
displaed from eah other by the distane L⊥. The transport parameter 〈σp2⊥〉 an then be
alulated from the ross setion of this fake dipole. In the dipole model, for a dipole of size
L⊥ one has:
σ(L⊥) = tr
∫
d2b
〈|V (b)− V (b+ L⊥)|2〉 =
= tr
∫
d2b
〈
2− V (b)V †(b+ L⊥)− V †(b)V (b+ L⊥)
〉
.
Here
V (b) = P exp
[
igvµ
∫ +∞
−∞
dτAµ(x(τ))
]
is the Wilson line of a parton with the impat parameter b propagating with the 4-veloity
vµ = (1,v), v
2 = 1, vb = 0, and x(τ) = (τ,b + vτ) [29℄. The nonperturbative dierential
ross setion to produe a parton with the transverse momentum p⊥ is then given by Fourier
transform
dσ
dp2⊥
=
∫
d2L⊥eip⊥L⊥ tr
∫
d2b
〈
2− V (b)V †(b+ L⊥)− V †(b)V (b+ L⊥)
〉
.
The expetation values 〈. . .〉 of the Wilson lines have to be evaluated with the target ground
states. The exited states are summed over. The transport parameter an then be obtained
by dierentiation 〈
σp2⊥
〉
=
=
∫
d2p⊥
(2pi)2
∫
d2L⊥
(−∇2⊥eip⊥L⊥) tr
∫
d2b
〈
2− V (b)V †(b+ L⊥)− V †(b)V (b+ L⊥)
〉
.
After a partial integration, one sees that beause of the p⊥-integration only the L2⊥-dependent
part, i.e. the rst-order term in the dipole ross setion is relevant for p⊥-broadening al-
ulation. When one takes the expetation value in the medium, the density of sattering
partners in the medium enters. One an replae the traed produts of Wilson lines, tr V V †
and trV †V , by two gauge-invariant Wilson loops, whih failitates the alulation. For
3example, one has
trV (b)V †(b+ L⊥) = trP exp
{
igvµ
∫ +∞
−∞
dτ [Aµ(x(τ))− Aµ(y(τ))]
}
,
where y(τ) = (τ,b+ L⊥ − vτ). One an approximate two long parallel lines x(τ) and y(τ)
by a ontour, whih loses asymptotially at τ = ±∞, where the interations vanish. This
yields the Wilson loop
trV (b)V †(b+ L⊥) ≃ trP exp
[
ig
∫ 1
0
dsz˙µ(s)Aµ(z(s))
]
dened at the united ontour
zµ(s) =

 xµ(τ(s)), s ∈
(
0, 1
2
)
yµ(τ(s)), s ∈
(
1
2
, 1
) , where τ(s) = tan(2pi(s− 1/4)).
At high energies, the S-matrix for dipole sattering is mostly real-valued beause of purely
absorptive interations (Pomeron exhange). Other ontributions have been disussed in the
literature [3, 4℄. In the alulation, whih we will present in this paper, the S-matrix has
both real- and imaginary-valued parts, therefore we have to guarantee the reality of the
ross setion by using the real-valued part of the expetation value of the Wilson loop. The
real-valued part of the expetation value of the Wilson loop in the medium an be related
to the transport parameter qˆ as follows (see e.g. Ref. [5℄):
〈
ReWMinkL‖×L⊥
〉
= exp
(
− qˆ
4
√
2
L‖L2⊥
)
. (1)
As a tool to obtain the Wilson-loop expetation value we will use the so-alled stohasti
vauum model (SVM) [6℄ in Minkowski spae-time. This model has been applied to high
energy hadron-proton and γ∗-proton sattering [7℄ with two Wilson loops representing pro-
jetile and target partiles. Reently, a single Wilson loop near the light one has also been
studied within the SVM in Ref. [8℄. This alulation is triky sine the expetation value
of the Wilson loop on the light one is stritly zero in vauum, the limiting proedure of
approahing the light one, however, an give the quark-antiquark onning interation in
the light-one Hamiltonian.
In Fig. 1 we show the arrangement whih we use for the following alulation. The
long side of the ontour of the Wilson loop is direted along the light one. The mean
〈p2⊥〉 is related to the transverse size L⊥ of the ontour. A ounterintuitive property of
4L
L
L
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Figure 1: The ontour of the Wilson loop (L‖ × L⊥) of a gluon.
Eq. (1) is its exponential fall-o, sine normally an expetation value of a Wilson loop in
Minkowski spae-time ontains the imaginary unity i in the argument of the exponent [8℄.
We will demonstrate that the exponential fall-o is a onsequene of Landau damping of soft
modes in the quark-gluon plasma and alulate through this mehanism the jet quenhing
parameter qˆ.
Reently, a alulation of qˆ at strong oupling has been done for N = 4 SYM in Refs. [5℄,
with the help of the AdS/CFT-orrespondene. It yields qˆ ∝ T 3, whih is a onsequene
of onformal invariane. However, it may be that at LHC-relevant temperatures, the QCD
onformal anomaly still plays an important role. Lattie results on (ε−3p) 6= 0 indiate that
the energy density ε and the pressure p deviate from pure Stefan-Boltzmann behavior. For
this reason, one may expet a violation of onformal invariane and an expliit dependene
of qˆ on the gluon ondensate, whih arises in the SVM. Of ourse, the hromo-eletri
gluon ondensate vanished at high temperatures after deonnement, but there an remain
a hromo-magneti ondensate, and nonvanishing orrelations between hromo-magneti
eld strengths in the quark-gluon plasma. One of our main objetives in this paper is to
investigate their eet on the jet quenhing parameter qˆ.
The paper is organized as follows. In setion II, we review some basis about the SVM at
T = 0 and T > Tc. We also introdue there an eetive loal formulation of the SVM, whih
will be tehnially important for the subsequent analysis. In setion III, we inorporate
Landau damping into the model and alulate the jet quenhing parameter. In setion IV
we summarize the main results of the paper.
5II. GENERALITIES ON WILSON LOOPS AND THE SVM
We start onsidering the expetation value of a Wilson loop in Eulidean spae-time at
zero temperature (T = 0). In an arbitrary representation R of SU(Nc), it reads
〈
W (C)
〉
≡〈
trP exp
(
ig
∮
C
dxµAµ
)〉
. In the SVM, one uses the non-Abelian Stokes' theorem and the
umulant expansion to write the Wilson-loop average as follows [6℄:
〈
W (C)
〉
≃ tr exp
[
− 1
2!
g2
4
∫
Σ(C)
dσµν(x)
∫
Σ(C)
dσλρ(x
′) 〈Fµν(x)Fλρ(x′)〉
]
. (2)
Here, Σ(C) is the surfae enirled by the at ontour C. Averages involving gluoni
eld strengths are alulated in the SVM by using the two-point orrelation funtion
〈Fµν(x)Fλρ(x′)〉, whih has been tted to lattie data [9℄. To simplify notations, we suppress
two phase fators between the points x and x′ in the fundamental representation. Fixing
the Fok-Shwinger gauge with the referene point in either of these two points, one an see
that these phase fators are anyhow equal to 1ˆR when the path between the points x and x
′
is the straight line. The approximate equality in Eq. (2) is due to the use of the umulant
expansion, whih gives the orret area law for the heavy quark-antiquark Wilson loop. It is
supported by lattie data [10℄-[14℄ and states that the amplitude of the two-point irreduible
gauge-invariant orrelation funtion (umulant) of Fµν 's dominates over the amplitudes of
higher-order umulants, whih are therefore negleted. The fator 1/2! in Eq. (2) is due to
the umulant expansion, and the fator 1/4 is due to the non-Abelian Stokes' theorem.
Within the SVM, one parametrizes the nonperturbative part of the two-point umulant
as follows [6, 15℄:
〈
F aµν(x)F
b
λρ(x
′)
〉
= δab
〈
(F aµν)
2
〉
12(N2c − 1)
{
κ(δµλδνρ − δµρδνλ)D(u2)+
+
1− κ
2
[∂µ (uλδνρ − uρδνλ) + ∂ν (uρδµλ − uλδµρ)]D1(u2)
}
. (3)
Here, D and D1 are dimensionless funtions of the distane u = x − x′ normalized by the
ondition D(0) = D1(0) = 1. The gluon ondensate denes the amplitude of this orrelation
funtion. The funtionD is responsible for the onning properties of the non-Abelian gauge
theory. The funtion D1 desribes Abelian-like self-interations of the Wilson loop, whih
do not lead to an expetation value of the form of Eq. (1). High-energy sattering data yield
6κ = 0.74 in the vauum [15℄. We will take κ = 1, i.e. disregard the small ontribution of
the funtion D1 altogether. Lattie simulations [10℄-[14℄ yield an exponential fall-o of the
funtion D:
D(u2) = e−µ|u|
with the inverse vauum orrelation length [12℄
µ = 894MeV.
One an rewrite the Wilson-loop average using the the surfae tensor
Σµν(x) =
∫
Σ(C)
dσµν(w(ξ))δ(x− w(ξ)).
The two-dimensional vetor ξ = (ξ1, ξ2), where ξ1,2 ∈ [0, 1], parametrizes dierential elements
dσµν on the surfae Σ(C), and wµ(ξ) points towards eah dierential surfae element. Using
the orrelation funtion D one obtains the harateristi form of the Wilson-loop average:〈
W (C)
〉
≃ exp
[
− CR
48(N2c − 1)
· g2 〈(F aµν)2〉
∫
d4x
∫
d4yΣµν(x)e
−µ|x−y|Σµν(y)
]
. (4)
In partiular, for a ontour C whose temporal extension is muh larger than its spatial
extension, one obtains an area law depending on the string tension in the fundamental
representation [15, 16℄
σ =
piCF
12(N2c − 1)
g2
〈
(F aµν)
2
〉
µ2
with CF =
N2c − 1
2Nc
. (5)
For Nc = 3, we take the standard value of the string tension σ = (440MeV)
2
to estimate
the gluon ondensate g2
〈
(F aµν)
2
〉 ≃ 3.55GeV4.
We see from Eq. (4) that the SVM essentially suggests a representation of the Wilson-loop
average in terms of an eetive loal eld theory of the eld strength tensor F aµν :〈
W (C)
〉
= tr
∫
DF aµνe−SEucl[F ] (6)
with the ation
SEucl[F ] =
1
2
∫
d4x
[
F aµνK(x)F aµν + iF aµνtaΣµν
]
. (7)
Here, K is a well-dened loal operator, whih reprodues Eq. (4) after the Gaussian inte-
gration in Eq. (6):〈
W (C)
〉
= exp
[
−CR
8
∫
d4x
∫
d4yΣµν(x)K−1(x− y)Σµν(y)
]
, (8)
7where K−1(x) is a Green funtion of the operator K: KK−1 = δ(x). Comparing Eqs. (4)
and (8), we nd that the kernel K−1 has an exponential fall-o:
K−1(x) = g
2
〈
(F aµν)
2
〉
6(N2c − 1)
e−µ|x|. (9)
The operatorK itself an then be obtained through Fourier transformation. In the oordinate
representation, it reads
K(x) = N
2
c − 1
2pi2
µ4
g2
〈
(F aµν)
2
〉 (1− ∂2
µ2
)5/2
. (10)
At nite temperature (T 6= 0), the O(4) spae-time symmetry is broken down to the spa-
tial O(3) symmetry, and the orrelation funtion (3) splits into the following three funtions
〈
Eai (x)E
b
k(x
′)
〉
,
〈
Eai (x)B
b
k(x
′)
〉
,
〈
Bai (x)B
b
k(x
′)
〉
,
whih were simulated on the lattie in Refs. [11, 12℄. In the deonned phase (T > Tc), the
hromo-eletri ondensate vanishes, and so does the orrelation funtion
〈
Eai (x)E
b
k(x
′)
〉
.
Furthermore, the amplitude of the mixed eletri-magneti orrelation funtion is by an order
of magnitude smaller than the amplitude of the magneti-magneti orrelation funtion [11℄.
For this reason, we disregard the orrelation funtion
〈
Eai (x)B
b
k(x
′)
〉
with respet to the
funtion
〈
Bai (x)B
b
k(x
′)
〉
, whih an be parametrized as follows [30℄:
〈
Bai (x)B
b
k(x
′)
〉
=
〈
(F aµν)
2
〉
T
12(N2c − 1)
δabδikD
B(u2), (11)
DB(u2) = e−µ(T )|u|. (12)
The temperature dependenies of the gluon ondensate and of the inverse vauum orrelation
length will be disussed in the next setion.
III. EVALUATION OF qˆ THROUGH LANDAU DAMPING
We want to alulate now the Wilson-loop average in the gluon plasma, i.e. in a thermal
environment. At nite temperature, in the Eulidean spae-time, the ontour of the loop has
the orientation shown in Fig. 1, namely it is oriented at 45◦ in the (x4, x3)-plane. Due to the
x4-periodiity, the ontour C = L‖×L⊥ eetively splits into piees, whose extensions along
8the 3rd and the 4th axes are β ≡ 1/T . Suh piees will be referred to as strips. A point lying
on the surfae of the strip losest to the origin an be parametrized by a vetor-funtion
wµ(ξ1, ξ2) = βξ1tµ + L⊥ξ2rµ, (13)
tµ = (0, 0, 1, 1), rµ = (1, 0, 0, 0), ξ1,2 ∈ [0, 1].
Sine we have argued to disregard the mixed orrelator, only the ontribution of the hromo-
magneti eld to the eetive ation should be taken into aount, whih yields [f. Eq. (7)℄
SEucl[B] =
∫
d4x (Ba2KBa2 + iBa2 taΣ13) . (14)
The Wilson-loop average of one strip reads
〈
WEucl1−strip
〉
= tr
∫
DBa2e−SEucl[B] = exp
[
−CR
4
∫
d4x
∫
d4yΣ13(x)K−1(x− y)Σ13(y)
]
. (15)
Note that, for K−1 given by Eq. (9), this result indeed agrees with the one following from a
diret appliation of the umulant expansion,
〈
WEucl1−strip
〉
= tr
〈
exp
(
i
∫
dσ13B
a
2 t
a
)〉
≃
≃ tr exp
[
−g
2
2
∫
dσ13(w)
∫
dσ13(w
′)tatb
〈
Ba2 (w)B
b
2(w
′)
〉]
,
when one uses
〈
Ba2 (w)B
b
2(w
′)
〉
in the form of Eq. (11).
In the full Wilson-loop average
〈
WEuclL‖×L⊥
〉
, also interations between dierent strips take
plae besides self-interations of one strip. Let χk denote the interation between two strips
separated from eah other by the distane βk:
χk =
CR
4
∫
dσ13(w)
∫
dσ13(w
′)K−1(w − w′),
where w′µ = wµ(ξ
′
1, ξ
′
2) + (0, 0, βk, 0)µ. Here, the relative distane between the points,
|∆w(k)| ≡ |w − w′|, is
|∆w(k)| =
=
{
[β(ξ′1 − ξ1) + kβ]2 + [β(ξ′1 − ξ1)]2 +O
[
L2⊥(ξ
′
2 − ξ2)2
]}1/2 ≃ β√k2 + 2kx+ 2x2, (16)
x ≡ ξ′1 − ξ1, x ∈ [−1, 1].
9In the nal form of Eq. (16), we disregard O [L2⊥(ξ′2 − ξ2)2], sine L⊥ ≪ β. If this term had
been retained, the nal result for qˆ would depend on the size of the olor dipole, L⊥. The
full number of strips (i.e. the maximal value of k) is
n ≡ L‖
β
√
2
. (17)
Therefore, the overall ontribution to the Wilson-loop average reads
− ln
〈
WEuclL‖×L⊥
〉
=
n−1∑
i=0
i∑
k=0
χk =
n−1∑
k=0
(n− k)χk. (18)
For the transport parameter qˆ we need a alulation of the real-valued part of the adjoint
Wilson-loop expetation value in Minkowski spae-time. We would like to disuss this
expetation value rst, before we make the analyti ontinuation. In Minkowski spae-time,
in general
〈
WMink(C)
〉
= ηe2iδ. If one interpretes the Wilson loop as an interation of
the fake dipole with the medium, then there an be two medium eets. The fake-meson
interation an generate real- and imaginary-valued parts of the S-matrix. Absorptive eets
[f. Eq. (1)℄, namely the redution of the intensity of the beam when it traverses the medium,
are desribed by η. In addition, there is real-valued phase shift δ of the wave-funtion of the
projetile, whih it aquires propagating through the target. In our alulation, both terms
will be present, but only η will ontribute to 〈σp2⊥〉. That is beause the real-valued part of
the S-matrix ∝ cos(2δ) dierentiated twie with respet to the dipole size L⊥ and evaluated
then at L⊥ = 0 vanishes. With these preliminaries in mind we an now make the important
analyti ontinuation to Minkowski spae-time. In Minkowski spae-time, the ation (14)
goes over to
SMink[B] = i
∫
d4x (Ba2KBa2 +Ba2 taΣ13) , (19)
and Eq. (15) beomes
〈
ReWMink1−strip
〉
= trRe
∫
DBa2e−SMink[B] =
= Re exp
[
i
CR
4
∫
d4x
∫
d4yΣ13(x)K−1(x− y)Σ13(y)
]
. (20)
Until now, this average does not have an exponential fall-o. The exponential fall-o only
appears when we take into aount the sattering partners in the medium as external soures.
The orrelation funtions must mediate an interation with the gluons in the heat bath,
otherwise there is no absorptive sattering. These gluons an be summed over, see Fig. 2.
10
They will then appear as a gluon polarization insertion into the orrelation funtion of the
eld strengths. The imaginary-valued part of this polarization operator omes from the
on-shell gluons in the intermediate state, whih ontribute to the absorptive phase. Sine
the imaginary-valued part of the gluon self-energy is related to the soft modes of the quark-
gluon plasma [17℄, one sees that the energy loss is essentially linked to Landau damping
of gluons. The soft bakground gluons with energies ω ≡ |p0| ≪ |p|, parametrized by
the SVM orrelation funtion, an be absorbed by thermal gluons, i.e. gluons from the
thermal bath. Aordingly, the stohasti QCD vauum beomes modied in a way, whih
is not aessible in Eulidean simulations on the lattie and, therefore, is not enoded in the
parametrization of the DB-funtion, Eq. (12). The imaginary part of the thermal loop for
the gluon self-energy reads in the hard-loop approximation [17, 18℄
Im Πij(ω,p) = −pim2Dω
∫
dΩ
4pi
ninjδ(ω − np) =
= −pim
2
Dω
2|p|
[
ω2
p2
· pipj
p2
+
1
2
(
1− ω
2
p2
)
·
(
δij − pipj
p2
)]
. (21)
Here mD = gT
√
Nc/3 is the Debye mass of the hard thermal gluon in quenhed QCD under
study. The separation of the momentum sales of the orrelation funtion and the thermal
gluons is rather subtle. The orrelation funtion ontains spatial momenta of order µ, but
very small energies ω ≪ mD, whereas the thermal heat bath ontains gluons with energies
and spatial momenta of order T . For ultrasoft spae-like gluons with ω2 ≪ p2, only the
transverse part of Eq. (21) survives:
Im Πij(ω,p)→
(
pipj − p2δij
) · P(ω,p),
P(ω,p) = pim
2
Dω
4|p|3 . (22)
The linear omponent of the eld-strength tensor (∼ ∂iAaj ) satises the relation
F
a (lin)
ij (p)F
b (lin)
ij (−p) = 2
(
p2δij − pipj
)
Aai (p)A
b
j(−p).
Polyakov [19℄ has argued that, in the ourse of integration over hard modes, the ubi (∼ A3)
and the quarti (∼ A4) terms appear in suh a way that they supplement the square of the
eld-strength tensor to the standard non-Abelian form. For this reason, the spatial part of
the eetive ation (7) in Minkowski spae-time may be modied by Im Πij(ω,p):
SMink[F ] =
i
2
∫
d4x
[
F aijK(x)F aij + F aijtaΣij
]→
11
Figure 2: The Wilson-loop surfae interating with the hard gluons (drawn urve) through the
soft ones (wavy urves). The imaginary part of the soft-gluon polarization operator orresponds to
Landau damping. For simpliity, the splitting of the surfae into strips is not depited.
→ i
2
∫
d4x
{
F aij [K(x)− iP(x)]F aij + F aijtaΣij
}
. (23)
Aordingly, Eq. (20) hanges as
〈
ReWMink1−strip
〉
= Re exp
[
i
CR
4
∫
d4x
∫
d4yΣ13(x)
(
1
K − iP
)
xy
Σ13(y)
]
=
= Re exp
[
−CR
4
∫
d4x
∫
d4yΣ13(x)
( P − iK
K2 + P2
)
xy
Σ13(y)
]
. (24)
As was disussed, the term proportional to iK in Eq. (24) desribes the non-absorptive part
of the interation between the fake dipole and the medium. It does not ontribute to qˆ
and will heneforth be disregarded. The remaining real-valued part of Eq. (24) desribes
jet quenhing. The interation of the Wilson-loop surfae with the hard gluons is depited
in Fig. 2. There, the losed line is the hard thermal loop, and the wavy lines are soft
gluons, whih mediate the interations. The hromo-magneti ondensate and the hard
gluons represent soft and hard omponents oexisting in the gluon plasma.
To handle the ompliated Eqs. (23) and (24), we have approximated P(ω,p) by a fun-
tion P(p) of the full 4-momentum in the following way [31℄. We denote ω = ζ |p|, where
ζ ≪ 1. Then |p| =
√
−p2
1−ζ2 , and we have
P(p) = −M
2(T )
p2
,
M2(T ) ≡ piζ(1− ζ
2)
4
m2D(T ). (25)
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An important property of the SVM for high-energy sattering in Minkowski spae-time [7, 15℄
is the same exponential fall-o with transverse distane of the surfae-surfae orrelations as
in the Eulidean spae-time [f. Eq. (20)℄. For this reason, one may alulate the operator( P
K2+P2
)
xy
of interest in the Eulidean spae-time, where P(p) = M2(T )
p2
and, aording to
Eq. (10),
K−2(p) = N (T )
[p2 + µ2(T )]5
.
In this equation,
N (T ) ≡
(
2pi2µ(T )g2
〈
(F aµν)
2
〉
T
N2c − 1
)2
ontains the temperature-dependent gluon ondensate g2
〈
(F aµν)
2
〉
T
and the inverse vauum
orrelation length µ(T ). We therefore obtain
〈
ReWMink1−strip
〉
=
= exp
[
−CRM
2(T )
4
∫
dσ13(w)
∫
dσ13(w
′)
∫
d4p
(2pi)4
eip(w−w
′) p
2
p4K2(p) +M4(T )
]
. (26)
One an now redue the 4-dimensional momentum integration to a 1-dimensional integration
by using the formula∫
d4p
(2pi)4
eip(w−w
′)f(|p|) = 1
4pi2|w − w′|
∫ ∞
0
dpp2J1(p|w − w′|)f(p)
with the J1-Bessel funtion. Aording to Eq. (13), the produt of two innitesimal surfae
elements reads
dσ13(w)dσ13(w
′) = (βL⊥)2d2ξd2ξ′.
Furthermore, one an simplify the area-area orrelation inside one strip (k = 0), where the
distane between the points depends only on the variable x introdued in Eq. (16):
|w − w′| = |∆w(0)| = β|x|
√
2.
Equation (26) yields the following expression:
χ0 = − ln
〈
ReWMink1−strip
〉
=
CRN (T )M2(T )
16pi2
√
2
βL2⊥
∫ 1
−1
dx
|x|
∫ ∞
0
dpp4J1(pβ|x|
√
2)
p4(p2 + µ2(T ))5 +N (T )M4(T ) .
(27)
The L⊥-dependene of this result is onsistent with the olor transpareny of a olor-neutral
dipole of size L⊥ interating with the gluon plasma. Furthermore, the x-integral in Eq. (27)
does not diverge at x = 0, sine this singularity is anelled by the Bessel funtion.
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By using Eqs. (1), (17), and (18), we an now determine qˆ:
qˆ = − 4
√
2
L‖L2⊥
ln
〈
ReWMinkL‖×L⊥
〉
=
4
βL2⊥
1
n
n−1∑
k=0
(n− k)χk,
where
χk =
CRN (T )M2(T )
16pi2
βL2⊥
∫ 1
−1
dx√
k2 + 2kx+ 2x2
∫ ∞
0
dpp4J1(pβ
√
k2 + 2kx+ 2x2)
p4(p2 + µ2(T ))5 +N (T )M4(T ) .
Here, we have used Eq. (16) for the distane |∆w(k)| between two points belonging to the
strips separated from eah other by the interval βk. Our nal result reads
qˆ =
CRN (T )M2(T )
4pi2n
n−1∑
k=0
(n− k)
∫ 1
−1
dx√
k2 + 2kx+ 2x2
∫ ∞
0
dpp4J1
(
pβ
√
k2 + 2kx+ 2x2
)
p4(p2 + µ2(T ))5 +N (T )M4(T ) .
(28)
Let us onsider a gluon traversing the medium, for whih R is the adjoint representation,
and CR = Nc = 3. Furthermore, we assume that the ritial temperature Tc = 270MeV
in SU(3) quenhed theory [20℄. The temperature behavior of qˆ and the growth of qˆ with T
depend on the funtions g2
〈
(F aµν)
2
〉
T
, µ(T ), and M(T ). To see whether this dependene is
strong or not, we determine qˆ(T ) for two possible hoies (I and II) of these funtions.
In ase I, the nonperturbative value of the thermal strong oupling g(mD, T ) is xed
by self-onsisteny [21℄: g(mD, T ) = 2.5. This hoie denes M(T ) through Eq. (25) with
mD = g(mD, T )T . As suggested by the low-temperature lattie data [11, 12℄, the inverse
vauum orrelation length an be taken onstant up to the temperature of dimensional
redution [22℄, Td.r. ≃ 2Tc = 540MeV. Above this temperature, all dimensionful quantities
beome proportional to the orresponding power of T . Therefore, µ(T ) = const until Td.r.,
whereas µ(T ) ∝ T at T > Td.r.. The proportionality oeient in the last equation an be
xed by the ontinuity of µ(T ) aross Td.r.:
µ(T ) = 1.66T at T > Td.r..
The temperature dependene of the hromo-magneti ondensate was alulated in Ref. [23℄:
g2
〈
(F aµν)
2
〉
T
= g2
〈
(F aµν)
2
〉
coth
( µ
2T
)
at Tc < T < Td.r..
It is also nearly onstant up to Td.r.. At T > Td.r., g
2
〈
(F aµν)
2
〉
T
∝ T 4, and the proportionality
oeient again follows from ontinuity of g2
〈
(F aµν)
2
〉
T
aross Td.r.:
g2
〈
(F aµν)
2
〉
T
= 61.46T 4 at T > Td.r..
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Figure 3: The hromo-magneti ondensate as a funtion of temperature at Tc ≤ T ≤ 900MeV in
ases I and II.
In ase II, we dene the parameter M(T ) through the perturbative 1-loop strong ou-
pling [22℄:
g−2(T ) = 2b0 ln
T
Λ
, where b0 =
11Nc
48pi2
∣∣∣
Nc=3
=
11
16pi2
, Λ ≃ 0.104Tc.
Furthermore, high-temperature lattie data [22℄ suggest the parametrization
µ(T ) = 1.04g2(T )T,
where the oeient has been xed by the value µ(Tc) = µ. The same lattie data suggest
also a temperature-dependent spatial string tension
σ(T ) = [cg2(T )T ]2, where c = 0.566.
Note that suh a value of the oeient c orresponds to a spatial string tension
σ(Tc) = (485MeV)
2
, that is slightly larger than the standard zero-temperature value
σ(0) = (440MeV)2. The temperature-dependent hromo-magneti ondensate an then
be obtained from Eq. (5) at Nc = 3: g
2
〈
(F aµν)
2
〉
T
= 72
pi
µ2(T )σ(T ). For illustration, we
present the hromo-magneti ondensates for both ases I and II in Fig. 3.
Beause of the muh smaller density of sattering partners in the hadroni phase, typial
values of qˆ at T < Tc are ∼ 0.01GeV2/fm, whih is by two orders of magnitude smaller than
15
in the quark-gluon plasma [24℄. For this reason, we set qˆ(T ) = qˆ(T )− qˆ(Tc), i.e. qˆ(Tc) = 0.
Furthermore, we trunate n = 10≫ 1 and use a small value ζ = 0.1≪ 1. We then obtain qˆ
as a funtion of temperature in the interval 270MeV ≤ T ≤ 900MeV for both ases I and
II, f. Fig. 4. Both alulations of qˆ follow a temperature dependene ∝ T 3. We nd
qˆ(T )fitcase I = 0.16(T/Tc)
3GeV2/fm, qˆ(T )fitcase II = 0.26(T/Tc)
3GeV2/fm.
These ts are inspired by Eq. (28). Indeed, ounting the powers of T in this equation at
high temperatures, one sees that
qˆ ∝ T 3 at T & Td.r..
Furthermore, at T = 900MeV we have tested the sensitivity of our results against an inrease
of the number of strips n. An inrease of the number of strips leads to a small inrease of
qˆ(T ), namely
qˆ(900MeV)
(n=10)
case I = 1.26GeV
2/fm, qˆ(900MeV)
(n=50)
case I = 1.39GeV
2/fm;
qˆ(900MeV)
(n=10)
case II = 1.78GeV
2/fm, qˆ(900MeV)
(n=50)
case II = 1.98GeV
2/fm.
We have also addressed the dependene of qˆ(T ) on the parameter ζ , whih measures the
smallness of the energy of thermal gluons with respet to their harateristi spatial mo-
menta. For small values of ζ under onsideration, speially ζ < 1√
3
≃ 0.58, the funtion
M2(T ), Eq. (25), desribing the imaginary part of the hard thermal loop polarization op-
erator, is a monotonially inreasing funtion of ζ . Therefore, sine M2(T ) enters both the
numerator and the denominator of the resulting Eq. (28), only a numerial analysis an say
whether qˆ(T ) inreases or dereases with the inrease of ζ . We have depited the results of
suh an analysis in Fig. 5 for ase I and in Fig. 6 for ase II. In ase I, we observe a slow
monotoni derease of qˆ(T ) with the inrease of ζ . In ase II, we observe a small inrease
of qˆ(T ) when ζ varies from 0.1 to 0.3 and an essentially onstant behavior of qˆ(T ) with the
further inrease of ζ . In both ases, the dependenes of qˆ(T ) on ζ are very weak, whih
indiates that the preditions of our model are rather stable.
IV. CONCLUDING REMARKS
In this paper, we have evaluated the jet quenhing parameter qˆ in SU(3) YM theory. Our
alulation is based on a nonperturbative approah, represented by the stohasti vauum
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Figure 4: The jet quenhing parameter qˆ(T ) in ase I (lower full urve) and II (upper dashed urve),
and the interpolating tted urves ∼ T 3 in both 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hing parameter qˆ(T ) in ase I for various values of the parameter ζ.
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Figure 6: The jet quenhing parameter qˆ(T ) in ase II for various values of the parameter ζ.
model, whih desribes the sattering of a fast parton o a hard thermal gluon in the leading
approximation∝ (g2 〈(F aµν)2〉T )2. In our senario of jet quenhing, the gluon plasma has two
omponents. The hromo-magneti ondensate desribes the soft omponent of the gluon
plasma, whih has been alled "epoxy" in the works of the Stony Brook group [25℄. The hard
omponent of the plasma (with momenta larger than the inverse vauum orrelation length)
is represented in our approah by the hard thermal loop eetive theory. In some sense, suh
a piture of a two-omponent gluon plasma resembles the two-omponent Landau model of
superuid quantum liquids [26℄.
In our model, jet quenhing originates from Landau damping of soft gluons by the on-
shell hard thermal gluons. The analyti result for qˆ(T ) is given by Eq. (28). Numerially, we
have alulated qˆ(T ) for two alternative parametrizations of the hromo-magneti ondensate
and the vauum orrelation length, thereby testing the stability of the result against possible
unertainties of these quantities. The numerial results are plotted in Fig. 4 along with the
orresponding tting urves. Our values of qˆ are somewhat larger than the values obtained
in pQCD, qˆpQCD = 1.1÷1.4GeV2/fm [1℄ and loser to those of other reent nonperturbative
alulations [24, 27℄, where qˆ = 1.0 ÷ 1.9GeV2/fm. However, due to the dierene of our
model from that of Ref. [27℄, our result Eq. (28) diers parametrially from the result of
18
that paper.
Note nally that our values of the jet quenhing parameter are lose also to the eetive
values in N = 4 SYM [5℄ orresponding to QCD. Indeed, analyzing possible mathings of
the two theories, Gubser [28℄ has argued that the result of Ref. [5℄ would orrespond to the
values of the jet quenhing parameter of a heavy quark in QCD qˆ = 0.61 ÷ 2.6GeV2/fm.
Sine the result of Ref. [5℄ is not proportional to the Casimir operator CR, the values of the
jet quenhing parameter for a gluon should be the same. These values are of the same order
of magnitude as those obtained in the present paper.
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